In several applications like paper making machines, fans or wind turbines, rolling bearings are operated under external mechanical vibrations that cause near-surface fatigue. This hitherto unnoticed loading is illustrated by case examples. Smoothing of the machining structure reveals mixed friction. Material aging is shifted towards the surface despite almost indentation-free raceways. Two distinct types of residual stress depth profiles occur. The established micro friction model partitions the contact area into sections of different friction coefficients. Additional tangential load then shifts the equivalent stress either closer to or directly on the surface. Orange skin formation on the raceway by plastic deformation and spot-like dark etching regions in the outermost edge zone confirm nonuniform material loading in the contact area. Both types of residual stress profiles are reproduced on a self-developed vibration test rig for grease or oil lubricated rolling bearings. Cracks on the raceway surface are initiated by tribochemical dissolution of MnS inclusion lines. Acidification of the lubricant due to aging reactions is proven. The novel rig also generates gray staining. The vibration-induced temperature rise of the test bearing depends on the type of lubricant and increases linearly with the contact area-related frictional power loss.
PRACTICE-DRIVEN FAILURE RESEARCH
In the past years, several X-ray diffraction (XRD) material response analyses of failed or rigtested rolling bearings have revealed the formation of compressive residual stresses near the surface despite an geometrically undisturbed raceway, i.e. without densely distributed indentations (statistical waviness) that could explain this finding by Hertzian micro contacts. In such cases, four of which are discussed below, the running conditions regularly suggest causative additional loading by external mechanical vibrations stemming, e.g., from adjacent machines or engines.
The typical example of a XRD depth profile measurement after a shaking rig test of 1200 h is presented in Fig. 1a . In the initial state, only the values of the residual stresses σ res (tangential component determined) and the full width at half maximum, FWHM, of the (211) ferrite diffraction reflection on the raceway surface, which are respectively built up to about −550 MPa and reduced by around 0.2° by the finishing process of grinding and honing, differ from the core. The taper roller bearing (TRB) is used in an automotive engine fan unit. Compressive residual stresses are formed up to a depth z of 40 µm below the raceway of the inner ring (IR). Figure 1b shows a scanning electron microscope (SEM) image taken in the secondary electron (SE) mode. The surface reveals a partly smoothed honing structure but virtually no indentations. Mixed friction running conditions caused by the vibrations are reflected in polishing wear on the raceway. Compressive residual stresses at the surface are built up in operation to more than 700 MPa. The line broadening decreases in the 40 µm edge zone. On the surface, b/B≥0.82 holds. Here, b and B respectively stand for the minimum and the core (initial) FWHM value, see Fig. 1a . The maximum reduction of the normalized line width, b/B, which describes the stage of material aging under rolling contact fatigue (RCF), represents a quantitative XRD lifetime characteristic that correlates with the parameters of the statistical Weibull failure frequency distribution. Details of this material response analysis are given in the literature, where also the applied measuring method is discussed [1, 2] . The L 10 life equivalent value, which refers to 10 % failure probability, is derived from calibrating rig tests with contaminated lubricant. For the (near-) surface failure mode of RCF relevant to vibrational loading, it amounts to b/B≈0.83 and b/B≈0.86 for ball and roller bearings, respectively. According to the given evaluation of Fig. 1a , the XRD L 10 equivalent is thus already exceeded. Since the initial peak width on the as-finished raceway after grinding and honing is not known exactly, it is estimated by the core value B even for maximum reduction b directly at the surface: this uncertainty is then considered by the greater-equal sign. Mostly, vibrational loading in rolling contact results in monotonically increasing residual stress distance curves, as shown in Fig. 1a . This is called a "Type A" depth profile. However, also marked secondary compressive residual stress maxima far above the depth Whereas the tangential and axial residual stress components do not differ more than around 20 % under undisturbed rolling contact loading in the near-and sub-surface failure mode, complex three-dimensional vibrations can cause different preferred orientation of the deformation in the affected edge zones. This is shown in Figs. 4a to 4c on the example of a paper machine bearing after 3.5 years of operation: an inversion of the level of the residual stress components occurs between the borders of the track of the outer ring (OR). The depth profiles meet a pronounced Type A shape. The respective fractions of this asymmetric loading act sufficiently long to be reflected in a corresponding line width reduction. With a b/B ratio of around 0.67, material aging significantly exceeds the XRD L 10 equivalent value. In the depth of maximum v. Mises stress for pure radial load of about 150 µm, the residual stresses and line broadenings remain unchanged. The indentation-free raceway reveals a completely smoothed honing structure and inclined axial sliding marks. Vibration-induced plastic deformation and fretting oxidation are shown in Fig. 4d . 
MICRO FRICTION MODEL OF THE VIBRATION-LOADED ROLLING CONTACT
Vibrations in rolling contact lead to mixed friction running conditions. The machining structure is smoothed and the surface values of residual stresses and XRD line width confirm polishing of the raceway. A model for the mechanism of material loading is introduced in this section. Additional tangential forces by friction in a rolling contact raise the equivalent stress and shift its maximum from z 0 for pure radial load towards the surface. A transition, emphasized in Fig. 5 by solid-line curves, occurs between µ=0.2 and µ=0.3: for µ<0.25 and µ>0.25, the maximum equivalent stress is located near and directly on the surface, respectively generating Type B or Type A residual stress depth profiles, provided the yield strength R p0.2 of the steel is exceeded. As an approxima- 
VIBRATION TEST RIG FOR ROLLING BEARINGS
For the experimental verification, simulation and investigation of the influence of vibrations on a rolling bearing tribosystem, a novel test rig has been developed, constructed and applied. A type N cylindrical roller bearing (N 210 ECP) with rotating inner ring is used. The lipless outer ring is displaced and experiences high vibrational loading via the sliding contact to the rollers so that it becomes the specimen, on which XRD material response analyses (MRA) are performed in the load zone. In addition to the radial load of the test bearing, controlled uni-to triaxial vibrations can be applied in axial, tangential and/or radial direction. The photograph in Fig. 6 represents a view of the housing of the test bearing and the equipment for the transmission of axial and tangential vibrations (radial excitation from below) with thermocouples and displacement sensors.
The frictional power loss P of the roller in sliding contact to the outer ring raceway in the center of the load zone per nominal Hertzian contact area A is given as follows:
The effective oscillating speed v eff is recorded. The thixotropy effect on the lubricant and the temperature increase influence the friction coefficient µ (µ≈0.05) that is not measured. The rig suits grease and oil testing. Typical contact area-related frictional power loss P/A equals 4 W/mm 2 .
Fig. 6. Housing of the test bearing with devices for vibration generation.

VIBRATION RIG TESTS UNDER GREASE LUBRICATION
In the following tests, axial vibrations of frequency 100 cps and amplitude around 0.15 mm are applied at rotation speed of 600 rpm. The moderate Hertzian pressure of 1700 MPa on the outer ring does not result in compressive residual stress formation around the depth of the maximum v. Mises stress of the purely radially loaded contact of about 120 µm. Table 1 also reports the total number N of IR revolutions and the vibration-caused temperature increase ΔT of the test bearing. The depth profiles of the residual stresses and XRD peak width are measured below the raceway of the outer ring in the load zone. Table 1 as a further measure of the progress of material aging:
The raceway reveals reaction layer formation. The honing marks are heavily smoothed by polishing wear, verifying mixed friction generated by the axial vibrations. Tribochemical dissolution of MnS inclusion lines on the raceway, caused by released hydrogen from the aged lubricant, leads to the initiation of surface cracks of up to 200 µm length. Examples are presented in Figs. 7b to 7d. By energy dispersive X-ray analysis (EDX), Mn and S are detected on several parts of the cracks, ruling out random intersection. Figure 7c illustrates the extension by gradual MnS dissolution. The reaction MnS+H 2 →H 2 S+Mn proceeds to the right as H 2 S gas escapes. Mn is then preferentially corroded out. This cracking mechanism first reproduced in the present work is known, e.g., from bearings in wind turbine gearboxes, printing presses, paper making or weaving machines that usually run under vibrations and mixed friction conditions. Flat material removals often develop on such a crack, the path of which is visible inside the micro pit in Fig. 7d . In test No. 2, the use of aged grease taken from an application reduces the vibration resistance of the lubricant. The residual stresses in Fig. 8a follow a Type B depth profile, with an already reincreasing surface value as in Fig. 7a . The XRD lifetime parameter is found to be b/B≥0.77. As only few experimental tools, the vibration test rig reproducibly generates gray staining, i.e. flatly expanded shallow material fractures covering the raceway at least partly. This typical damage progress is documented in Fig. 8b : matting of the surface occurs due to micropitting that mostly starts at the raceway edge at honing marks and develops axially oriented into the smoothed zone. Microfractography reveals the fatigue character of the fractures. In Fig. 9 , striations mark the axial extension of the crack that grows only few µm into the depth of the material. Gray staining obeys the mechanism of corrosion fatigue in rolling contact, also relevant to gears or camshafts. The influence of lubricant contamination is studied in test No. 3. The applied used grease is again taken from an application and contains finest iron oxide from fretting corrosion. Figure 10a shows that the damaging effect of the vibrations is extremely increased. Compressive residual stresses are formed up to a depth of around 150 µm and far advanced material aging is reflected in the XRD line width reduction evaluated in Table 1 . Figure 10b presents a SEM image of the deteriorated raceway surface with abrasive wear and plastic deformation. The honing structure is fully smoothed. Fretting oxidation, cf. Fig. 4d , is verified by a high O peak in the EDX spectrum. 
THERMAL EFFECT OF VIBRATIONS
Measuring the steady-state temperature of the outer ring of the test bearing in the novel rig with and without vibrations provides a simple tool for characterizing the behavior of a specific fresh or used lubricant. The evaluation of a test series on an oil type with viscosity of 24 cSt at 40 °C with rotation speed of 1000 rpm and Hertzian pressures between 1700 and 1850 MPa on the outer ring is shown in Fig. 11 . Combined axial and radial vibrations of respectively 60 or 100 and 50 cps are applied. The temperature increase reflects the strong rise of the power loss as an effect of vibrational loading. These test bearings are equipped with a half roller set: the temperature change ΔT, which is nearly proportional to the number of rollers, is accordingly reduced. A linear increase of ΔT with the contact area-related power loss is found in good agreement. This simple correlation also holds for grease but with less heating: see Table 1 for full roller set.
LUBRICANT AGING UNDER VIBRATION LOADING
The condition of the lubricant after rig testing is monitored by infrared spectroscopy. The spectrum in Fig. 12 refers to the aliphatic oil of Fig. 11 . After the vibration test run, the used lubricant reveals O─H and C═O bands from oxidation processes. Incipient resinification by a polycondensation reaction, which proceeds towards lacquer formation, implies aging of the oil. The vibration-induced tribochemical processes thus lead to an acidification of the lubricant that e.g. assists the dissolution of nonmetallic MnS inclusion lines on the raceway discussed with Figs. 7b to 7d. 
SUMMARY AND CONCLUSIONS
The present paper deals with vibration loading of rolling bearings. Since this failure mechanism has been originally postulated from field returns, typical case examples are discussed in detail. Material aging is shifted from the depth of maximum v. Mises stress for the rolling contact under pure radial load towards the surface. Raceway smoothing reveals vibration-induced mixed friction running conditions. Two distinct types of residual stress depth profiles occur. Orange skin waviness on the raceway and spot-like dark etching regions directly below the surface point to nonuniform material damage. The microscopic model of localized friction coefficient thus subdivides the contact area into distinct regions. Tangential load shifts the equivalent stress closer or directly to the surface. A novel vibration test rig is specifically designed, constructed and used. Both types of residual stress profiles are reproduced. A threefold impact of external mechanical vibrations on rolling bearings is identified: the mechanical effect results in residual stress formation, visible plastic deformation, fatigue and wear. The tribochemical attack leads to lubricant aging and the initiation of cracks on the raceway surface by dissolution of MnS inclusion lines. Finally, the thermal impact is manifested in the temperature increase in the lubricating gap. In case of vibrational loading in rolling contact, the new test rig is suitable for the selection and development of tailored materials and processes like heat treatment, hard machining or coating. Since the temperature increase, which rises linearly with the contact area-related friction power loss, depends on the type of lubricant, the vibration resistance of greases and oils can be verified.
